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Abstract 9 
This study focuses on the development of advanced water resistant bio-based composites with 10 
enhanced hygrothermal performance for building applications. The highly porous structure of hemp 11 
shiv is responsible for low thermal conductivity and allows the material to adapt to varying humidity 12 
conditions providing comfortable indoor environment. However, the pore network and the hydrophilic 13 
nature of hemp shiv affects the compatibility and durability of the material in presence of excess 14 
moisture conditions. In this work, novel hemp shiv composites were prepared in a starch based or 15 
silica based matrix and characterised for their hygroscopic, thermal and mechanical properties. The 16 
hemp shiv based composites were resistant to water yet permeable to vapour and showed excellent 17 
moisture buffering capacity when compared to conventional hemp-lime composites.  The composites 18 
prepared were light weight with low thermal conductivity values of 0.051-0.058 W/mK and showed 19 
good mechanical performance. Hemp shiv composites with superior hygrothermal characteristics 20 
have immense potential as robust thermal insulation building materials. 21 
 22 
Keywords: Hemp shiv; hygrothermal; moisture buffering; vapour permeability; thermal conductivity; 23 
bio-based composites. 24 
 25 
1. Introduction 26 
Bio-based materials have gained interest in the building industry since the last decade due to their 27 
hygroscopic and insulation properties. The use of these materials not only enhances the energy 28 
efficiency of the building but is also beneficial for the health and comfort of the occupants [1,2]. Using 29 
bio-based materials can also have a positive impact on the environment since they have the ability to 30 
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capture CO2 from the atmosphere during their lifetime. When these materials are used to produce 31 
building materials, the sequestered CO2 is locked up within the building resulting in the production of 32 
extremely low embodied energy materials [3]. 33 
 34 
Several studies have discussed the moisture buffering property of bio-based materials. The ability to 35 
absorb and release moisture in response to changes in surrounding relative humidity can impact 36 
indoor comfort levels and reduce the energy demands for air conditioning [4]. Creating a vapour 37 
permeable wall and maintaining indoor relative humidity levels between 40 and 60% can have a 38 
positive impact on wellbeing of residents, reducing bacterial growth, allergies and controlling 39 
respiratory problems [5]. 40 
 41 
Numerous studies have reported the use of hemp shiv in the production of hemp based composites 42 
with majority of the research being conducted on hemp lime [6–12]. The hydrophilicity of hemp shiv 43 
leads to competition with hydraulic lime that needs water for hydration and cohesion [13,14]. As a 44 
result, the hemp lime blocks need long drying times of approximately several months to a year which 45 
are not preferred on an industrial scale [13]. Hemp lime walls tend to have a powdery inner core 46 
resulting in poor interfacial adhesion as hydraulic binders like lime or cement undergo incomplete 47 
hydration. The thermal conductivity of hemp based composites can be influenced by binder type, 48 
aggregate to binder ratio and water content [14,15].  49 
 50 
The large water absorption capacity of hemp shiv is due to its highly porous structure and its chemical 51 
composition. Hemp shiv has low bulk density (90-110 kg/m3) and high porosity (76-78%)  due to the 52 
structure of the plant stem from which they are derived [16]. Moreover, the presence of high amounts 53 
of cellulose (44%) and hemicellulose (27%) in hemp shiv contributes to the presence of hydrophilic 54 
hydroxyl groups in their chemical composition [17]. High moisture sensitivity in bio-based materials 55 
can be responsible for colonial fungal growth leading to degradation of their cell wall and the durability 56 
of the material can be compromised [18]. Furthermore, high water absorption capacity of these 57 
materials can affect the manufacturing quality of the end product if they encounter humid 58 
surroundings or come in contact with water. 59 
 60 
3 
 
On the positive side, the highly porous structure of hemp shiv is responsible for the excellent 61 
hygroscopic and insulation properties of the material. Therefore, there is a need to develop new hemp 62 
based composites to address the existing issues as well as to retain the maximum insulating and 63 
moisture buffering properties of the bio-based aggregate. The use of silica based coatings on hemp 64 
shiv has proven to be successful in enhancing its hydrophobicity [19,20]. Application of silica based 65 
coatings have successfully shown to lower the water absorption capacity of hemp shiv yet retaining its 66 
moisture buffering ability due to presence of small pores that are not blocked by the coating [21,22]. 67 
We have reported recently the dual functional use of silica both as a binding matrix and as a 68 
hydrophobic treatment on hemp shiv for the development of new bio-based building composites [23].  69 
The work done here has been carried out under the ISOBIO project which aims to develop bio-based 70 
insulation panels with low embodied energy for both new buildings and retrofitting to existing 71 
buildings. 72 
 73 
This research focuses on the development of water resistant hemp shiv based composites for use as 74 
a building thermal insulator. The novel composites were produced either in starch matrix or silica 75 
matrix without using any additional mineral binders. The composites have been characterised for their 76 
hygroscopic, thermal insulation, water resistance and mechanical properties. 77 
 78 
2. Materials 79 
 80 
2.1 Bio-aggregate 81 
Hemp shiv was received from CAVAC, an agricultural cooperative based in north-west France. The 82 
aggregates had mean width (W50) 2.3 mm and mean length (L50) 7.6 mm. The maximal width was 83 
4.0 mm and maximal length was 13.1 mm. The bulk density at dry state was 85-90 kg/m3. The 84 
aggregates were used as received without undergoing any surface modification or drying. The hemp 85 
shiv aggregates used for this study are shown in Figure 1. 86 
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 87 
Figure 1. Hemp shiv aggregates used in this study. 88 
 89 
2.2 Treatment formulation 90 
Tetraethyl orthosilicate (TEOS, 98%), nitric acid (70%), hexadecyltrimethoxysilane (HDTMS, 85%) 91 
and absolute ethanol were received from Sigma-Aldrich. For the preparation of the hydrophobic 92 
treatment, the sol-gel process was followed. 1M of TEOS was added as the silica component to a 93 
mixture of 4M distilled water, 4M of absolute ethanol and 0.005M of nitric acid. 0.015M of HDTMS 94 
was added to the above mixture as the hydrophobic agent. The sol was vigorously stirred at 40 °C 95 
and atmospheric pressure for nearly 2 hours. The sols were allowed to age for 96 hours in closed 96 
container at room temperature before the treatment process. Figure 2 shows the surface of hemp shiv 97 
before and after the silica treatment. 98 
 99 
  100 
Figure 2.Micrographs of hemp shiv surface (A) untreated, (B) after hydrophobic silica treatment. 101 
 102 
2.3 Composite formulations 103 
(A) (B) 
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Composite C1 - Hemp shiv aggregates and silica treatment as binder: Mixing of the constituent 104 
materials, raw hemp shiv and sol was carried out manually to achieve a uniform mixture. The weight 105 
ratio for raw hemp shiv: binder was 5:1. The mass of the materials was pre-calculated to target a final 106 
density of 175 kg/m3 for the composites. Aggregates of hemp shiv were mixed with the sol and then 107 
placed into a phenolic ply mold of desired dimension, tamped down and left for overnight in the oven 108 
at 80 °C. The specimens were removed from the molds and transferred to a conditioning room at 19 109 
°C and 50% relative humidity.  110 
 111 
Composite C2 - Treated hemp shiv aggregates and bio-based binder: Prior to composite preparation, 112 
hemp shiv aggregates were dipped in the sol for 10 min and then removed and transferred onto an 113 
open tray. The treated aggregates were dried at 80 °C overnight. C2 composites were then prepared 114 
by mixing treated hemp shiv aggregates with a bio-based binder formulated by CAVAC using a starch 115 
derivative and a crosslinker. The weight ratio for treated hemp shiv: binder was 9:1. The mixture was 116 
placed into a steel mold of desired dimension with a target density of 240 kg/m3, compacted at 0.5 117 
MPa using a hot press (PressMasters 40T GEM series). The upper and lower plates were then 118 
heated to 180 °C and the temperature was maintained for one hour.  The specimens were demolded 119 
after cooling down to room temperature and then transferred to a conditioning room at 19 °C and 50% 120 
relative humidity. 121 
 122 
Composite C3 – raw hemp shiv aggregates and bio-based binder:  C3 composites were prepared by 123 
mixing raw hemp shiv aggregates with the same bio-based binder as in formulation C2. The weight 124 
ratio for raw hemp shiv: binder was 9:1. The mixture was placed into a steel mold of desired 125 
dimension with a target density of 200 kg/m3, and the rest of the conditions for the manufacturing 126 
process using the thermal press remained constant as for Composite C2. The specimens were 127 
demolded after cooling down to room temperature and then transferred to a conditioning room at 19 128 
°C and 50% relative humidity. The target density of C3 is lower than C2 due to the absence of silica 129 
treatment that increases the mass of hemp shiv aggregates by 18 ± 1%. C3 is referred to as the 130 
untreated (baseline) composite later in the text. 131 
 132 
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The prepared composites C1, C2 and C3 have different final densities due to the type of binder used 133 
which determines their production process. C1 uses a rather simple process involving mixing hemp 134 
shiv and silica-based binder whereas C2 and C3 use a polysaccharide binder that needs to be cured 135 
using a thermal press. The aggregate and the binder content are different in the two production 136 
processes which in turn affect their final density. Although C2 and C3 have similar binder content and 137 
binder to aggregate ratio, the density of C2 is higher due to the hydrophobic treatment of hemp shiv 138 
aggregates. The composites were prepared with the aim of achieving lightweight and stable coherent 139 
blocks with minimum density. Targeting a low composite density would be beneficial to achieve 140 
maximum thermal insulation and moisture buffering capacity of hemp shiv. 141 
 142 
2.4 Methods 143 
2.4.1 Vapour permeability 144 
The ability of a porous material to transfer moisture due to a vapour pressure gradient can be 145 
expressed by the vapour permeability of the material. The transfer of moisture during this process can 146 
take place due to three factors: diffusion (self-collision of water molecules), effusion (collision of water 147 
molecules with the pore walls) and liquid transfer (associated with capillary condensation) [24]. 148 
 149 
The water vapour permeability and the diffusion resistance factor of thermal insulation materials can 150 
be measured using the British Standard (BS EN 12086) [25] under isothermal conditions (23 °C) and 151 
at two sets of relative humidity: dry cup and wet cup. Three samples with dimensions 100mm x 152 
100mm and thickness 20mm were conditioned for at least 6 h at 23 °C and 50% relative humidity to 153 
reach constant mass. The samples were then placed on plastic containers filled either with desiccant 154 
(dry cup test) or salt solution (for wet cup test). The sides of the samples were properly sealed to 155 
achieve unidirectional moisture flow. The test assembly is shown in Figure 3. 156 
 157 
The test assembly containing the sealed specimens were placed in a climate chamber where the 158 
temperature and humidity were controlled constantly. For the dry cup test, the relative humidity inside 159 
the container was maintained between 0-2% using silica beads and the climate chamber was set at 160 
50% relative humidity. For wet cup test, the relative humidity inside the container was maintained at 161 
93% using saturated KNO3 salt solution and the climate chamber was set at 50%. 162 
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 163 
Figure 3 Test assembly of hemp composites for vapour permeability testing. 164 
 165 
The test assembly was then conditioned in the climate chamber for 24 h. The partial pressure 166 
gradient between the container and the climate chamber drives the vapour through the specimen. The 167 
test assembly was weighed every 24 h until three successive determinations of change in mass per 168 
unit time for each specimen was within ±5% of its mean value. 169 
 170 
The rate of change in mass (G) (mg/hr) was calculated using the equation: 171 
𝐺1,0 =
(𝑚1−𝑚0)
(𝑡1−𝑡0)
      Eq (1) 172 
where m1 (mg) is the mass of the test assembly at time t1, m0 is the mass of the test assembly at time 173 
t0. G is the mean of at least three successive determinations of G1,0 (mg/h) provided G1,0 is within ±5% 174 
of G. 175 
 176 
The water vapour transmission rate (g), water vapour permeance (W), water vapour resistance (Z), 177 
water vapour permeability 𝛿 and water vapour diffusion resistance factor (µ) was calculated using the 178 
equations in the British Standard (BS EN 12086) [25]. 179 
 180 
2.4.2 Moisture buffering 181 
The moisture buffering ability of a hygroscopic material can be measured by the moisture buffer value 182 
(MBV). Hygroscopic materials have the ability to adsorb and release moisture responding to changes 183 
in surrounding relative humidity in order to create an equilibrium. Moisture buffering capacity can 184 
regulate the fluctuations in humidity in internal spaces.  185 
 186 
The MBV was measured according to the NORDTEST method [26]. This method was used to 187 
measure the practical moisture buffer value of the specimens under dynamic conditions. This value 188 
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represents the amount of moisture adsorption and desorption, per unit open surface area, under daily 189 
cyclic variation of relative humidity according to following equation: 190 
𝑀𝐵𝑉 =
∆𝑚
𝐴.(𝑅𝐻ℎ𝑖𝑔ℎ−𝑅𝐻𝑙𝑜𝑤)
    Eq (2) 191 
where MBV: moisture buffer value (g/(m2 %RH)), ∆𝑚 is moisture uptake/release during the period 192 
(kg), A is open surface area (m2), RHhigh/low is relative humidity level (%) respectively. 193 
 194 
The specimens were tested in triplicates. Each sample was exposed only from a single side having a 195 
surface area of at least 100 mm x 100 mm. The other five sides of the sample were sealed with 196 
aluminium foil tape. The thickness of each sample was the actual product thickness ranging between 197 
50-60 mm. 198 
 199 
Figure 4. Moisture buffering setup in climate chamber. 200 
 201 
A climate chamber (ACS Angelantoni Test Technologies, model DY110 SP, Italy) was used for the 202 
MBV experiment that can be controlled in the range -40 to 180 °C and 10 to 95% relative humidity. 203 
The samples were preconditioned at 23 °C and 50% relative humidity for at least 6 hours before the 204 
test. The samples were then exposed to cyclic relative humidity conditions where each 24h cycle was 205 
a combination of 8h exposure to 75% relative humidity and 16h exposure to 33% relative humidity at 206 
23 °C temperature. Temperature and relative humidity were measured and maintained constantly with 207 
the sensor of the climate chamber. The measurement of mass was performed by a precision scale 208 
with readability and repeatability of 0.001grams (g). The sample mass was logged every min by a 209 
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computer connected to the scale. A screen was placed around the balance to minimise the influence 210 
of air movement over the sample surface during the test as seen in Figure 4. The wind speed was 211 
measured by an anemometer and found to be 0.1 m/s at the sample surface. The experiment was 212 
continued until the change in mass between three consecutive cycles was not greater than 5%. The 213 
surface vapour resistance was assumed to be constant during the test. 214 
 215 
2.4.3 Thermal conductivity 216 
The thermal conductivity of the samples was measured using a hand-held measuring instrument 217 
ISOMET 2114 which is used for direct measurement of heat transfer properties of a wide range of 218 
isotropic materials including cellular insulating materials, plastics, glasses and minerals. The ISOMET 219 
is equipped with two types of measurement probes: needle probes for soft materials, and surface 220 
probes for hard materials. It applies a dynamic measurement method, which enables a reduced 221 
measurement time in comparison with steady state measurement methods. Measurement is based on 222 
analysis of the temperature response of the analysed material to heat flow impulses. Heat flow is 223 
induced by the electrical heating of a resistor heater inserted into the probe which is in direct heat 224 
contact with the tested specimen. In order to obtain the best measurement accuracy on specific 225 
materials, surface probes are used for measurement on solid and hard materials. 226 
 227 
 228 
Figure 5. Thermal conductivity setup using ISOMET. 229 
 230 
For measuring the thermal conductivity of the composite samples, the surface probe was used which 231 
is a heating plate as seen in Figure 5. The evaluation of thermal conductivity and heat capacity is 232 
based on periodically sampled temperature records as a function of time. The samples had a flat 233 
surface with dimensions of at least 100 x 100 mm. Greater accuracy of surface flatness is required 234 
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with increasing thermal conductivity of the tested material. The minimal thickness of the samples was 235 
50 mm. 236 
 237 
2.4.4 Water absorption 238 
The short term water absorption of the specimens was determined by the British Standard EN 239 
1609:2013 [27]. The specimens were preconditioned for at least 6 h at 23 °C and 50% relative 240 
humidity. The specimens were partially immersed in water for a period of 24 hours by applying a 241 
sufficient load on the top face as seen in Figure 6A. The water level was maintained such that the 242 
bottom face of the specimen was 10 ± 2 mm below the surface of water during the entire test. After 24 243 
± 30 min, the test specimen was removed and drained for 10 min by placing it vertically on a mesh, 244 
inclined at an angle of 45° as shown in Figure 6B. This step allowed draining any excess water 245 
adhering to the surface but not absorbed by the specimen. The test was carried out at 23 ± 2 °C and 246 
50 ± 5 % relative humidity. The specimens were tested in triplicates. The test specimens had a bottom 247 
surface area of at least 100 mm x 100 mm and the thickness of each sample was the actual product 248 
thickness ranging between 50-60 mm.  249 
 250 
 251 
Figure 6. Water absorption test showing (A) sample placed in water for 24 hours, (B) draining at an inclined angle. 252 
 253 
The water absorption was calculated as the change in mass according to the following equation: 254 
𝑊𝐴 =
𝑚24− 𝑚0
𝐴𝑝
       Eq (3) 255 
where WA is the water absorption (kg/m2), m0 is the initial mass of the test specimen (kg), m24 is the 256 
mass of the test specimen after partial immersion for 24 h (kg), Ap is the bottom surface area of the 257 
test specimen (m2). 258 
 259 
(A) (B) 
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The percentage of water absorption was calculated according to the following equation: 260 
𝑊𝐴 % =
𝑚24− 𝑚0
𝑚0
∗  100      Eq (4) 261 
where WA% is the water absorption percentage. 262 
 263 
2.4.5 Compression 264 
Compressive tests were conducted on 100 mm cube samples using an Instron 50 KN testing rig at a 265 
controlled displacement of 3 mm/min; the inbuilt instrumentation was used to both record load and 266 
platen displacement at a resolution of one data point per 0.1 s. Prior to compression testing, the 267 
samples were placed in a conditioning room at 19 °C and 50% relative humidity for at least 24 hours. 268 
The tests were performed in triplicates and the average reading was reported. 269 
 270 
3. Results and discussion 271 
The transfer of moisture takes place in porous materials when a vapour pressure gradient is present 272 
between the opposite surfaces (top and bottom) of the material. The water vapour permeability results 273 
of the hemp shiv based composites are summarised in Table 1 for both dry cup and wet cup tests. 274 
The kinetics of mass change during the water vapour permeability test is presented in Figure 7 for the 275 
composites. From the vapour diffusion resistance μ results, it was found that for the dry cup, C2 had 276 
the lowest value of μ, and for the wet cup C1 had the lowest value of μ. All the composites showed 277 
higher permeability (lower resistance factor) during higher relative humidity conditions with the 278 
maximum increase observed in C1 composite.  279 
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 280 
Figure 7. Mass change of the specimens during the vapour permeability test. 281 
 282 
Table 1. Vapour permeability results of the hemp shiv based composites. 283 
Parameters 
C1 composite C2 composite C3 composite 
Dry cup Wet Cup Dry cup Wet Cup Dry cup Wet Cup 
Water vapour 
transmission rate, g 
(mg/hr) 
5675.65 15538.89 7224.33 9605.63 6343.75 9833.33 
Water vapour 
permeance, W 
(mg/m2.hr.Pa) 
4.22 12.84 5.37 7.94 4.72 8.13 
Water vapour 
resistance, Z 
(m2.hr.Pa/mg) 
0.24 0.08 0.18 0.13 0.21 0.12 
Water vapour 
permeability δ 
(mg/m.hr.Pa) 
0.08 0.26 0.11 0.16 0.09 0.16 
Water vapour 
resistance factor μ 
8.42 2.77 6.62 4.48 7.54 4.37 
 284 
It can be seen the hydrophobic treatment in composites C1 and C2 does not significantly affect the 285 
water vapour permeability results when compared to the untreated C3 composites. The increase in 286 
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the water vapour permeability at higher humidity level is related to the enhanced transport of 287 
moisture. This phenomenon is induced by the transfer of liquid in the microscopic pores of the 288 
material that are filled with water due to capillary condensation [24]. For materials that show 289 
hysteresis in their sorption isotherm, it has been reported earlier that their water vapour permeability 290 
is dependent on the moisture content [28].  291 
 292 
The fluctuations in humidity within internal spaces of a building can be regulated by the moisture 293 
buffering ability of the construction materials. The kinetics of mass change for the MBV test is 294 
presented in Figure 8. The mass change was calculated per m2 exposed surface of the samples and 295 
plotted against time. The sampling frequency was every 1 min and the data is plotted using a running 296 
average of every 60 min.  297 
 298 
 299 
Figure 8. Mass change of the composites when exposed to varying relative humidity at 23 °C. 300 
 301 
 302 
 303 
 304 
 305 
 306 
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Table 2. MBV values of the composites using NORDTEST. 307 
 308 
 309 
The moisture buffering capacity of the materials can be classified in terms of their moisture buffer 310 
value (MBV) as: Excellent (MBV ≥2.0 g/m2RH), Good (MBV 1.0-2.0 g/m2RH), Moderate (MBV 0.5-1.0 311 
g/m2RH), Limited (MBV 0.2-0.5 g/m2RH) and Negligible (MBV ≤0.2 g/m2RH) [29]. From Table 2, it can 312 
be seen that all the prepared composites showed “excellent” moisture buffering capacity with the 313 
highest MBV obtained for the C2 composites. The MBV of all hemp shiv composites (C1, C2 and C3) 314 
is higher than previously reported MBV for hemp concrete (1.75-2.15 g/m2RH) [10,11,30]. This can be 315 
attributed to the higher hemp shiv: binder ratio in the prepared composites inducing lower density and 316 
enhanced permeability. 317 
 318 
The thermal properties were analysed using a dynamic measurement system and they are reported in 319 
Table 3. It was observed that the thermal conductivity was in the range 0.051-0.058 W/mK and the 320 
thermal diffusivity ranged 0.28-0.35 m2/s. The thermal conductivity values were lower when compared 321 
to the values for hemp lime composites (0.08 – 0.16 W/mK) previously reported in literature [31,32]. 322 
An obvious reason for the low conductivity is that the density of the prepared composites is much 323 
lower than hemp-lime composites.  The higher hemp shiv: binder ratio used for the prepared 324 
composites takes greater advantage of the insulation properties of hemp shiv. The increased hemp 325 
shiv content in the matrix results in higher porosity thereby producing low density composites when 326 
compared to hemp-lime.  327 
 328 
The specific heat capacity for the composites ranged from 760 – 1050 J/kg.K (Table 3). It can be seen 329 
that C1 and C3 composites have a high specific heat capacity for their respective densities. A hemp 330 
concrete composite is reported to have specific heat capacity of 1000 J/kg.K for a density of 413 331 
kg/m3 [10]. C1 composite in comparison to hemp concrete has less than half its density but a higher 332 
Sample MBV (g/m2.RH) 
C1 3.07 ± 0.05 
C2 3.63 ± 0.01 
C3 2.93 ± 0.02 
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heat capacity. This could be attributed to the presence of chemically bound water (heat capacity 2200 333 
J/kg.K) [33] in the silica coating that may affect the specific heat of the C1 and C2 composites when 334 
compared to the untreated C3 composite. In addition to the lowest density of C1 composite, it 335 
comprises of a silica matrix as opposed to C2 consisting of a starch matrix, thereby having superior 336 
insulating properties. 337 
 338 
Table 3. Thermal conductivity data obtained from transient method using ISOMET. 339 
Sample 
Thermal 
conductivity 
(W/mK) 
Thermal 
diffusivity (10-6) 
(m2/s) 
Specific heat 
capacity 
(J/kg.K) 
Bulk Density 
(kg/m3) 
C1 0.052 0.28 1050.28 175.0 ± 3 
C2 0.057 0.30 782.71 240.0 ± 5 
C3 0.053 0.35 763.00 200.0 ± 5 
 340 
The relationship between density and thermal conductivity of the three prepared hemp shiv 341 
composites is shown in Figure 9. It is clearly seen that increasing the density increases the thermal 342 
conductivity of the composite which has also been previously reported in several studies [31,32,34].  343 
 344 
Figure 9. Thermal conductivity vs density of the composites. 345 
 346 
The water absorption of the composites is calculated in two ways: (i) as change in mass over exposed 347 
surface area (WA) using Equation 3 and; (ii) as percentage of absorption with respect to initial mass 348 
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(WA%) using Equation 4. The water absorption results are presented in Table 4. C3 shows the 349 
highest values for WA and WA% due to the absence of hydrophobic silica treatment on hemp shiv in 350 
the composites. For C2, the hydrophobic treatment reduced the WA by 50% and the WA% reduced 351 
by 123%. For C1, the reduction in water absorption is not as significant as C2. This is due to the fact 352 
that C1 has a much lower density than C2, therefore having more voids in the composite where water 353 
may get trapped during the test. Nevertheless, the C1 water absorption values show that the 354 
treatment was still effective and absorbed less water when compared to untreated C3 composite. 355 
 356 
Table 4. Water absorption measurements of composites. 357 
Sample WA (kg/m2) WA% 
C1 
18.48 ± 0.1 180.41 ± 2.2 
C2 
11.04 ± 0.6 98.02 ± 3.5 
C3 
22.11 ± 0.7 221.10 ± 1.3 
 358 
 359 
The variation reported in hygroscopic properties is clearly a combined effect of multiple factors such 360 
as binder type, pre-treatment and density. For instance, the MBV, vapour permeability and water 361 
absorption of the composites do not follow a trend with density. C1 having the lowest density has 362 
higher MBV and shows lower water absorption when compared to untreated C3. This is mainly the 363 
effect of the hydrophobic treatment. On the other hand, C1 and C2 have varying properties due to the 364 
difference in their binder type and density. 365 
 366 
The stress versus strain curves for the prepared hemp shiv composites are presented in Figure 10. 367 
The results show that C3 has a compressive stress of 0.92 ± 0.01 MPa at 30% strain. C2 composites 368 
show the highest compressive stress of 1.05 ± 0.04 MPa at 30% strain which is 14% higher than C3. 369 
On the other hand, the compressive stress of C1 is 0.49 ± 0.02 MPa at 30% strain which is 47% lower 370 
than C2. For all composites, it was observed that higher strain levels lead to further densification of 371 
the composites. The behaviour of the composites at varying strain levels (0%, 10%, 50%, after test) 372 
are imaged in Figure 11. After the compression test, C1 and C2 composites showed some elastic 373 
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behaviour as seen in Figures 11D and 11H. The compressive strength of the prepared composites 374 
seemed to vary in line with density. 375 
 376 
In general, the prepared light weight composites showed good mechanical performance. The 377 
composites attained compressive stress ranging between 0.49 – 1.05 MPa at very low densities (175-378 
240 kg/m3 ) which are relatively good when compared with other hemp shiv based composites such 379 
as hemp-lime (0.02 - 0.39 MPa at density 360 kg/m3) [12], hemp-clay (0.39 at density 373 kg/m3) [35] 380 
or hemp-starch (0.4 MPa at density 177 kg/m3) [36]. The prepared composites did not reach failure 381 
even at 60% strains, which suggests good interfacial adhesion between the hemp shiv and the matrix.  382 
 383 
 384 
Figure 10. Compressive strength of the hemp based composites. 385 
 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 
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 394 
 395 
396 
 397 
Figure 11. Compression testing of different hemp shiv composites; C1 at (A) 0% strain, (B) 30% strain, (C) 50% strain, (D) 398 
after 50% strain; C2 at (E) 0% strain, (F) 30% strain, (G) 50% strain, (H) after 50% strain; and C3 at (I) 0% strain, (J) 30% 399 
strain, (K) 50% strain, (L) after 50% strain.  400 
 401 
4. Conclusion 402 
In this work, manufacturing and testing of novel hemp shiv based composites have been reported. 403 
The composites showed a significant enhancement of hygrothermal performance when compared to 404 
traditional hemp based insulation composites. Vapour permeability and Nordtest results validate that 405 
hemp shiv composites retain their hygroscopic and moisture buffering ability even after hydrophobic 406 
treatment of the aggregate. The silica treatment reduced the hydrophilicity of hemp shiv as seen with 407 
the water absorption tests making them water resistant and less susceptible to degradation. The 408 
binding matrix did not degrade the thermal properties, and the prepared composites had thermal 409 
(A) (B) (C) (D) 
(E) (F) (G) (H) 
(I) (K) (L) (J) 
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conductivity values of 0.052 W/mK. Preparation of composites with high hemp shiv: binder ratio had a 410 
significant benefit for enhancing their thermal insulation properties. The composites showed good 411 
mechanical properties as a non-load bearing material and final composites with density as low as 175 412 
kg/m3 were prepared successfully. Using economical methods, high performance hemp shiv based 413 
insulation composites have been developed that have great potential in the construction industry by 414 
reducing the embodied energy and the in-use energy demands of buildings. 415 
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